The interrelation of propionate and succinate metabolism in anoxic sewage sludge and in two different anoxic lake sediments was studied. The mechanism of propionate degradation and the kinetics of propionate and succinate metabolism were analysed using specifically labelled 4C tracers and gas chromatography-gas proportional counting techniques. The labels of [ 1 -4C]propionate and [ 1 , 4 -1 4 C ]~~~~i n a t e were transformed almost exclusively to carbon dioxide whereas the label of [3-I4C]propionate was transformed to equal amounts of methane and carbon dioxide, indicating a randomizing pathway of propionate degradation. The pool sizes of propionate and succinate (0.3-2.3 pmol l-l) were similar to each other in, but were both different between, each of the three environments studied. The turnover times of succinate were shorter than those of propionate, and the C-1 label of propionate and the C-1 and C-4 labels of succinate were metabolized far faster than the respective C-3 and C-2 and C-3 labels. These results indicate that propionate, although formed via succinate, is also degraded via succinate in the anoxic environments studied, and that succinate metabolism is at least as important as propionate metabolism in anaerobic degradation processes.
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I N T R O D U C T I O N
Propionate and succinate are important products of anaerobic fermentations. Propionate is formed from sugars and lactate by the classical Gram-positive propionibacteria as well as by several Gram-negative anaerobes including Selenomonas, Veillonella, Pectinatus (Lee et al., 1978) and Propionispira sp. . Several amino acids can be fermented to propionate, too (Elsden & Hilton, 1978) , as can ethanol and 2,3-butanediol (Samain et al., 1982; Laanbroek et al., 1982; Schink, 1984) . Succinate is formed from sugars by Pectinatus sp. (Lee et al., 1978) and by typical gastrointestinal bacteria : Bacteroides succinogenes (Scheifinger & Wolin, 1973) , Ruminococcus sp., Succinivibrio sp. (Bryant & Small, 1356) and Succinimonas sp. (Bryant et al., 1958) . The reduction of aspartate, fumarate, or malate, e.g. by Wolinella succinogenes (formerly Vibrio succinogenes), also leads to succinate as an end product (Iannotti et al., 1973) .
The degradation of propionate and succinate has been studied in several metabolic groups of anaerobic bacteria. In the presence of sulphate, sulphate-reducing bacteria of the genus Desulfonema can oxidize succinate completely to carbon dioxide (Widdel et al., 1983) . In the rumen of cattle and sheep, succinate is converted to propionate by, for example, Selenomonas ruminantium (Scheifinger & Wolin, 1973) and the propionate thus formed is used by the animal host (Wolin, 1979) . Conversion to propionate by Selenomonas ruminantium, Veillonella alcalescens or Propionibacterium sp. (Yousten & Delwiche, 1961) was also assumed to be the main path of succinate degradation in other anoxic habitats, and this reaction was considered to be a simple decarboxylation reaction that was not linked to energy metabolism. Recent studies have revealed that degradation of succinate to propionate proceeds via the methylmalonyl-CoA pathway and can also contribute to the energy budget of the bacterium (Hilpert & Dimroth, 1982; Hilpert et al., 1984) .
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Degradation of propionate takes different routes in the presence or absence of sulphate. In sulphate-rich environments, propionate is oxidized to acetate and carbon dioxide by, for example, Desuljobulbus propionicus (Widdel & Pfennig, 1982) . In sulphate-poor environments such as freshwater lake sediments or sewage digestors, fermentative degradation of propionate to acetate and carbon dioxide with concomitant syntrophic methanogenic reduction of carbon dioxide is accomplished by organisms like Syntrophobacter wolinii (Boone & Bryant, 1980) . Since propionate degradation in methanogenic enrichments is thought to proceed via succinate (Koch et al., 1983) , the question arises as to how succinate and propionate metabolism are linked and what their relative importance is in the natural habitat.
The aim of the present study was to examine whether propionate degradation really proceeds via succinate in the natural environment, and to examine by kinetic studies the possible linkage of succinate and propionate metabolism, as well as their importance compared to acetate metabolism in anoxic habitats.
METHODS
Environments and sampling procedures. Sediment samples from two lakes and anoxic sewage sludge from a municipal sewage treatment plant were collected during June and July 1983. Lake Mendota is a moderately eutrophic dimictic hard-water lake of glacial origin in southern Wisconsin, USA. It covers about 3900 ha and has a maximum depth of 23 m at the site where the samples were taken. During summer stratification, which starts usually in early June, the lake becomes anaerobic up to 10.5 m depth. The sediment pH is 7.0, and the temperature varied during the sampling period between 8 and 10 "C. Knaack Lake is a small (1.1 ha) dystrophic, meromictic lake in central Wisconsin, USA, and has a maximum depth of 22 m. During summer stratification, only the upper 3 m of the water column are oxygenated, and the autumn turnover mixes only the upper 12 to 14 m. The monimolimnion and the sediment stay anoxic throughout the year at a temperature of 4 "C and at pH 6.1-6.2.
Samples were taken at intervals of 3-4 weeks using an Eckman dredge. The upper 2-3 cm of the sediment were collected and transferred into glass bottles, which were then sealed under nitrogen gas with rubber stoppers. Samples were cooled in an ice box and taken to the laboratory immediately.
Sewage sludge was taken from the anoxic digestor of the Nine Springs municipal waste treatment plant in Madison, Wisconsin, USA. The in situ temperature was 32 "C, the pH 6.9. Samples, at ambient temperature, were taken to the laboratory within 30min.
fool six^ cIi~ternii,iutions. Large volumes of pore water (Lake Mendota, 1.8 1; Knaack Lake, 3.8 1; sewage sludge, 11) were obtained by centrifugation of the samples in a cooled centrifuge, and subsequent filtration through Whatman paper. The pore water was titrated to pH 11.0 with small amountsof 10 M-NaOH, and concentrated to small volumes (5-20 ml) in a 'Rotavap' rotary evaporator. The concentrates were stored at -20 "C, and were acidified with 3.3 M-H3P04 before gas chromatographic analysis. Acetate and propionate were assayed by direct gas chromatography on Chromosorb WAW, 8% SP 1000 + 1 % H3P04, 100-200 mesh (Bodenseewerke PerkinElmer), column 2.0 m x 6 mm, at 120 "C in a Sigma 3B gas chromatograph (Bodenseewerke Perkin-Elmer, Uberlingen, FRG), equipped with a flame ionization detector and an integrator for peak area analysis. Succinate was methylated, as described by Metcalfe pi a/. (1966), before gas chromatography; 0.5 ml of acidified sample was mixed with 0.5 ml BF,/methanol reagent (B-1252; Sigma) and incubated overnight at 37 "C. Succinate standards were treated similarly. The methyl esters were extracted with 0.5 ml chloroform, and the chloroform fraction was analysed by gas chromatography on 5% FFAP-treated Chromosorb WHP, 80-100 mesh (no. 8433; Alltech, Deerfield, Ill., USA), at 130 "C in a Packard Model 407 gas chromatograph with a flame ionization detector.
Determination of' turnover rimes and rates. Fresh sediment and sewage sludge samples (10 ml of each) were transferred by syringe into anaerobic pressure tubes (27 ml; Bellco, Vineland, NJ, USA), gassed with N2/COz mixture (95 : 5, v/v), and sealed with butyl rubber stoppers and aluminium crimps. Carrier-free radioactive tracers (about 0.5 pCi per tube; I pCi = 37 kBq) were added by microlitre syringe, and the tubes were incubated at the in situ temperatures (10, 4 and 32 "C f 2 "C, respectively), Two or three independent turnover experiments were done with every sample, and two replicas were used with every tracer in each case. Control experiments with formaldehyde-poisoned sediment samples were done with every tracer, and did not show measurable degradation activity. Production of '"C02 and I4CH4 was measured in the gas phase of the tubes by the combined gas chromatography-gas proportional counting procedures described by Nelson & Zeikus (1974) . At the end of each experiment, sediment samples were acidified, the amounts of labelled C 0 2 and CH, in the headspaces were determined and the values before acidification were corrected by the Bunsen absorption coefficients for tracers dissolved or bound in the sediment phase. The recovery of radioactivity of the added tracers was 70-86%.
Turnover times were calculated from plots of produced "WH, and "TO2 versus time by extrapolating the linear part of the curves to the amount of total label turned over at the end of the experiment. The pool sizes were divided by the respective turnover times in order to obtain the turnover rates. 
RESULTS

Pool size determinations
The pool sizes of acetate, propionate and succinate were determined on separate samples taken in June and July 1983 in the sediments of Lake Mendota and Knaack Lake as well as in anoxic sewage sludge of a municipal waste treatment plant. The results are summarized in Table  1 . Propionate and succinate could only be detected in concentrated pore water preparations whereas acetate could also be detected in fresh pore water preparations. Acetate concentrations measured directly and in concentrates agreed to well within +20% of error; therefore, the values obtained for propionate and succinate should not have been significantly changed by the concentration procedure. The pool sizes of acetate determined in Lake Mendota and Knaack Lake agree well with recent measurements on the same sediments (Phelps & Zeikus, 1984; T. J. Phelps & J. G. Zeikus, unpublished data). The pool size of acetate in the sewage sludge studied is at the lower range limit of those reported for other sewage digestor sludges (Smith & Mah, 1966; Kaspar & Wuhrmann, 1978) . In the two sediments and the sludge studied, the pool sizes of propionate and succinate were of the same order of magnitude, but both were smaller by two to three orders of magnitude than the pool size of acetate.
Turnover measurements
The kinetics of acetate, propionate and succinate degradation were measured using [ 1 -Wlacetate, [ 1 -14C]propionate and [ 1,4-l 5C]succinate as tracers. The turnover times calculated are listed in Table 2 . The turnover times of acetate in the Lake Mendota sediment and in the sewage sludge were shorter than the turnover times of propionate and succinate, which were both about the same in each environment. In contrast, the turnover of propionate in the Knaack Lake sediment was about four times as fast, and the turnover of succinate about 15 times as fast, as that of acetate.
Dividing the pool sizes by the turnover times yielded the turnover rates listed in Table 3 . The rates of total ( I T plus I4C) methane formation in the experimental tubes are also shown for comparison. Acetate degradation accounted for 67, 94 and 64% of total methane formation in Mendota and Knaack sediments and sewage sludge, respectively. Propionate and succinate appeared to be of only minor importance, compared to acetate, as intermediates of methanogenic degradation of organic matter, and accounted for about 4% of total methane formation in Knaack Lake, and less than 1 % of total methane formation in Lake Mendota and sewage sludge. Succinate metabolism, however, was at least as important as propionate metabolism, and in Knaack Lake was about nine times faster than propionate metabolism. Thus, propionate formation and degradation could actually proceed via succinate in all three environments. Table 4 . Formation of labelled CH, and C 0 2 during incubation of various labels with sediment and sludge samples
The results are percentages of the total label recovered as I4CO2 and I4CH4, and are means of 4-6 independent assays.
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' T H , '-TO, ' T H 4 The turnover kinetics of the propionate and succinate labels are compared in Fig. 1 . It is evident from this figure that the labels of 14C]succinate, on the one hand, and those of [3-14C] propionate and [2,3-14C]succinate, on the other, were comparatively large in the Mendota and Knaack sediments (factors 3-0-1 8.0 depending on the substrate and the sediment used), and small in the sewage sludge (factors 1.25-1.3).
DISCUSSION
The aim of the present study was to compare propionate and succinate metabolism with acetate metabolism in three well-characterized anoxic environments in order to assess their relative importance and to elucidate the mechanism of propionate metabolism. The results presented were obtained during a comparatively short period in summer 1983, and therefore cannot be taken as representative of year-round metabolism in these environments. This limitation is especially important with respect to the data on Lake Mendota sediment, which undergoes a well-expressed annual change between surface oxidation in winter time and complete reduction during summer. During the investigation period, oxygen depletion in the hypolimnetic water layers was just completed, but sulphate reduction was probably quite significant as a terminal oxidation process competing with methanogenesis (Ingvorsen et al., 1981) . This is indicated by the comparably high proportion of 14C02 formed from C-2 labelled acetate ( Table 4) . Seasonal effects in the anaerobic metabolism in sediments of the meromictic Knaack Lake or in sewage sludge are probably less pronounced.
The results clearly indicate that succinate metabolism in the environments studied is at least as important as propionate metabolism; however, both are of only minor importance compared to acetate metabolism. Acetate degradation accounted for 67, 94, and 64% of total methane formation in Mendota and Knaack sediments and sewage sludge, respectively. These values are in good agreement with those published earlier, either for these lake sediments (Phelps & Zeikus, 1984;  T. J. Phelps & J. G. Zeikus, unpublished data) or for sewage sludge (Smith & B. SCHINK Mah, 1966; Zehnder, 1978) . The rates of acetate turnover and total methane formation are also in the same range as those published for the environments studied (Winfrey & Zeikus, 1979a, b) and for other comparable habitats (Strayer & Tiedje, 1978; Smith & Mah, 1966) .
The turnover rates of propionate determined in this study (0.6-4.0% of total methane formation) are low compared to those found by other authors. Balba & Nedwell (1982) determined a propionate turnover which accounted for about 5-10% of total methane formation in a saltmarsh pond, and similar values were obtained for a hypereutrophic lake sediment (Lovley & Klug, 1982) and for sewage sludge (Kaspar & Wuhrmann, 1978; Mackie & Bryant, 1981) . The low rates obtained in the present study may be due to low nutrient supply, which is understandable for the lake sediments in early summer when the main substrate input from the autumn algal die-off has been largely degraded. Degradation rates for both acetate and propionate similar to those found in the present study have been reported for marine sediments (Sansone & Martens, 1981) .
The results of experiments with propionate and succinate tracers labelled in different positions allow some conclusions on the mechanism of propionate degradation. The C-1 atom of propionate appeared exclusively as carbon dioxide, as did the C-1 and C-4 atoms of succinate. In contrast, the C-3 atom of propionate as well as the C-2 and C-3 atoms of succinate appeared as nearly equal parts of methane and carbon dioxide. In control experiments with labelled acetate, more than 94% of the C-1 atom was converted to carbon dioxide while the C-2 atom appeared mostly as methane. These results are in good agreement with recent studies by Koch et al. (1983) as well as with earlier findings on propionate degradation in methanogenic enrichment cultures (Buswell et al., 1951; Stadtman & Barker, 1951) , and can be interpreted as follows.
Oxidation of succinate via oxaloacetate and pyruvate yields acetate, from the C-2 and C-3 atoms, which is then cleaved to methane and carbon dioxide. Since acetate is released by the propionate-degrading bacteria, it mixes with the free acetate pool. This explains why the C-2 and C-3 atoms are slower to be released than the C-1 and C-4 atoms. The relatively fast acetate turnover in sewage sludge explains why the difference between the turnover times of the C-2 and C-3 labels and those of the C-1 and C-4 labels is small in this environment compared to the others studied. The degradation kinetics of the two differently labelled propionate tracers are nearly identical with those of the respective succinate tracers. Conversion of the C-3 atom of propionate to equal amounts of methane and carbon dioxide agrees with this finding and confirms the hypothesis of Koch et al. (1983) that propionate is degraded via succinate. Degradation via acrylyl-CoA or malonyl-CoA would both result in a preferential labelling of either carbon dioxide or methane (Kaziro & Ochoa, 1964) . The basic similarity of the kinetics of succinate and propionate degradation illustrated in the present paper also makes propionate degradation via methylmalonyl-CoA and succinate more likely than via 2-hydroxyglutarate, succinicsemialdehyde and succinate. Succinate turnover rates were always in the same range but slightly higher than propionate turnover rates, thus allowing degradation of propionate to proceed via succinate. This hypothesis, however, would render succinate a more important intermediate than propionate in the process of anaerobic degradation, since both production and degradation of propionate would include succinate as an intermediate.
The data presented in this paper do not allow conclusions on whether propionate conversion back to succinate includes methylmalonyl-CoA and a vitamin B ,-dependent mutase reaction. However, all bacteria forming propionate from succinate have been shown to use this pathway (Galivan & Allen, 1968) . The small free energy change of this reaction sequence (-20.6 kJ mol-l) can be conserved in the form of a sodium ion gradient, and thus can be used for transport purposes (Hilpert & Dimroth, 1982) or for ATP synthesis; there is a unique anaerobic bacterium that uses this energy for growth (Schink & Pfennig, 1982; Hilpert et al., 1984) . The same amount of energy needs to be expended again in the conversion of propionate to succinate, a reaction which might again include the same four enzymes that are involved in propionate formation. From this point of view, it is enigmatic that propionate is formed from succinate by the microbial community of an anoxic sediment at all, since propionate degradation proceeds via the propionate precursor, and the energy profit of the propionateforming bacteria is the energy loss of the propionate-degrading bacteria. Nevertheless, all
